The acetylcholine-binding protein (AChBP) is homologous to the ligand-binding domain of the nicotinic acetylcholine receptor (nAChR) and other members of the Cys-loop family of neurotransmitter receptors. The highresolution X-ray structures of AChBP mean it has been used as a model from which to understand agonist and antagonist binding to nAChRs. We present here a molecular dynamics (MD) study of AChBP with nicotine and carbamylcholine bound. Our results suggest that the ligand imposes rigidity on the binding pocket residues. The simulations also suggest that the protein undergoes breathing motions with respect to the five-fold axis, a motion that has been postulated to be related to gating in the nAChR. We analyzed the behaviour of the water molecules in and around the binding site and found that they occupied five distinct sites within the binding pocket. Water occupied these sites in the absence of ligand, but the presence of ligand increased the probability that a water molecule would be found in these sites. Finally, we demonstrate how the positions of these waters might be used in the design of new ligands by comparing the positions of these sites with other recent structures.
Introduction
The acetylcholine-binding protein (AChBP) is a ligand binding domain (LBD) homologue of the pentameric Cys-loop ligand gated ion channel (LGIC) family of membrane proteins (Brejc et al., 2001; Smit et al., 2001 Smit et al., , 2003 Sixma and Smit, 2003) . The nicotinic acetylcholine receptor (nAChR), the serotonin receptor (5HT 3 ), the GABA A,C receptors and the glycine receptor make up the Cys-loop family of LGICs (Ashcroft, 2000; Lester et al., 2004) and are characterized by a conserved pair of cysteines in one of the LBD loops (Karlin, 2002) . Each subunit is composed of an N-terminal LBD, a transmembrane (TM) domain and an intracellular (IC) domain. Various combinations of subunits can form homomeric or heteromeric ion channels. The structures of AChBP from different species have been solved by X-ray crystallography with a variety of ligands (Brejc et al., 2001; Brejc et al., 2002; Celie et al., 2004 Celie et al., , 2005a Bourne et al., 2005; Hansen et al., 2005) that have allowed important comparisons to be made back to nAChR in particular.
The structure of AChBP (Fig. 1A) reveals that the individual subunits are comprised of one a-helix, 10 stranded b sheets and two 3 10 helices (Brejc et al., 2001; Sixma and Smit, 2003; Smit et al., 2003) . The binding site is located between two adjacent subunits, a principle subunit (on the left in Fig. 1A ) and a complementary subunit (on the right in Fig. 1A ). Thus, there are up to five binding sites within the pentameric unit. In the nAChR, at least two of the subunits must be of a subtype which forms the principle subunit of the binding site. In some cases, the receptor can be comprised of all a subunits (for example receptors comprised of the a7 subunit), and thus will possess five binding sites.
The LBD of nAChR has high sequence identity with AChBP from Lymnaea stagnalis Smit et al., 2003) . The nAChR is found in the nervous system at neuronal -neuronal synapses and in the muscle at neuromuscular junctions (Nicke et al., 2004) . The nAChR plays an important role in nicotine addiction and is implicated in various neurological and neuromuscular diseases. Mutations in the nAChR can result in myasthenic syndromes and frontal lobe epilepsy (De Fusco et al., 2000; Steinlein, 2001) , and various cognitive malfunctions (Ashcroft, 2000) . This channel is implicated in Parkinson's and Alzheimer's disease, but these mechanisms are not well understood (Hogg and Bertrand, 2004) . The nAChR is a cationic channel which allows the passage of Na þ , K þ and less commonly Ca 2þ ions. Agonist binding to nAChRs initiates conformational changes in the receptor that are transmitted to the TM domain which ultimately results in the opening of the ion channel to allow the conduction of ions (Karlin, 2002) . The mechanism that leads from ligand binding to channel opening is incompletely understood (Cymes et al., 2002; Grosman, 2003) . The AChBP structures have provided important clues as to how different ligands are recognized by this fold, but the precise extent and nature of the binding pocket and its behaviour is still poorly understood.
Molecular dynamics (MD) provides a useful way to examine the dynamic behaviour of proteins and indeed has been recently applied to AChBP (Gao et al., 2005) and also to models of the a7 nAChR (Henchman et al., 2003; Law et al., 2005) , where the focus was on examining the large-scale motion of the protein thought to be related to gating in nAChRs. Steered molecular dynamics (SMD) has also been used to examine the motions ( primarily of loop C) associated with ligand unbinding (Zhang et al., 2006) and more recently, normal-mode analysis (NMA) has been used to examine the opening motions of a model of the a7 nAChR leading to a proposed open-channel model (Cheng et al., 2006) . Here though, we focus not on the large global motions but on the dynamics of residues and water in the binding pocket of the AChBP. Our results show that (i) a more stable structure of the binding pocket is maintained in the presence of a ligand; (ii) ligands exhibit varying degrees of mobility within the binding pocket-nicotine seems to prefer one mode of binding while carbamylcholine shows some flexibility of its chain; and (iii) waters exist in discrete pockets inside the binding pocket that maybe useful in the design of ligands. We illustrate this latter point with respect to the crystal structures of AChBP in complex with three toxins.
Methods
MD simulations of AChBP from L. stagnalis (Celie et al., 2004) with and without nicotine and carbamylcholine were carried out for 10 ns each. The simulation with nicotine had five nicotine molecules bound, one to each binding site. The simulation with carbamylcholine had two molecules bound to the binding pockets located between subunits C and D and subunits D and E (the three remaining binding pockets were ligand-free; see Table I ).
MD simulations were carried out with GROMACS v 3.1.4 (www.gromacs.org) (Berendsen et al., 1995; Lindahl et al., 2001 ) using the GROMOS96 (van Gunsteren et al., 1996) force-field. Crystal structures of AChBP from L. stagnalis with nicotine (Fig. 1B ) (PDB code: 1UW6) and AChBP with carbamylcholine ( Fig. 1B ) (PDB code: 1UV6) (Celie et al., 2004) were used including their crystal waters (within 4 Å of the protein) for the liganded simulations. Apo structures were generated by removing the ligand. Topologies were generated for both nicotine and carbamylcholine using PRODRG (Schuettelkopf and van Aalten, 2004) . The charges for nicotine and carbamylcholine were calculated with 6-31G* basis sets using Spartan (Hehre and Kluzinger, 1997) . The pyrrolidine nitrogen (Fig. 1B ) was assumed to be protonated (Graton et al., 2002; Pankow et al., 2003) . Ligand topologies were tested by simulation in a box of approximately 900 simple point charge (SPC) (Hermans et al., 1984) water molecules for 1 ns.
Four protein simulations were carried out in total (see Table I ) corresponding to both ligand-bound and apo conditions. Each system was energy-minimized until convergence using steepest descents algorithm. Energy minimization was carried out with position restraints, then MD with position restraints for 100 ps, followed by energy minimization again without position restraints, then equilibration for 1 ns and finally the production run of 10 ns. During the equilibration phase, the temperature and pressure was coupled with the Berendsen methods . During the production runs, the Parinello -Rahman (Parinello and Rahman, 1981) method was used for pressure coupling and the temperature was coupled using the Nosé-Hoover (Nose, 1984) method at 310 K. Electrostatics were calculated with the Particle Mesh Ewald (PME) method (Darden et al., 1993) . The LINCS algorithm (Hess et al., 1997) was used to constrain bond lengths and a time step of 2 fs was used throughout. Protein-ligand interactions were visualised with LigPlot (Wallace et al., 1995) and VMD (Humphrey et al., 1996) . Persistent water molecules were identified via an in-house program. The water density calculations were carried out using Gromacs 3.2.1 and an in house program g_ri3D (Oliver Beckstein) and images were generated with Chimera (Pettersen et al., 2004) . 
Results and discussion

Global motion
Although our focus was on the binding pocket and the behaviour of water molecules it is still useful to briefly examine the global motions in the four simulations. The overall dynamics of the receptor can be assessed by estimating the mean square fluctuations (MSFs) of the Ca atoms (Fig. 1C ). This approach calculates the average fluctuation in a given window and can be used as an indicator of the level of sampling for a given conformational state (Faraldo-Gomez et al., 2004) . The simulations without ligands showed more movement in the MSF plots than the simulations with ligands bound, perhaps indicating a degree of structural stability resulting from the presence of the ligand. However, in all simulations, the MSF values continue to increase which indicates that the conformational dynamics of the protein as a whole are far from being fully sampled. Despite this, principal component analysis (PCA) of the large-scale motions from the simulations with ligands revealed a breathing motion of the receptor as has been recently observed for a model of the a7 nAChR . The PCA data also revealed greater movement in two of the five subunits in both simulations with ligands bound, even in the case of the simulation where all five subunits were occupied with nicotine. These observations agree with previous MD studies of the a7 nAChR (Henchman et al., 2003) and the suggested gating mechanism of the Torpedo marmorata acetylcholine receptor (Unwin, 2002 (Unwin, , 2005 Miyazawa et al., 2003) . This asymmetrical motion is also observed to a smaller extent in the non-liganded (NCT-apo, CCE-apo) simulations.
The ligand-binding site
As it is unclear how agonist binding leads to structural changes and channel gating in the homologous nACh receptor, we examined the dynamic behaviour of the binding pocket in the AChBP. In order to assess this, we calculated an RMSD of a subset of atoms known to form part of the binding pocket (specifically M114:N, W143:O, W143:HE1, T144:O and Y192:HH). The results are shown in Fig. 2 , which shows that the RMSD for these atoms is higher in the case when the ligand is not present compared to their corresponding ligand-bound structures (note that the two apo simulations exhibit different RMSDs suggesting sampling is incomplete on this timescale). However, the relative (comparing liganded to its corresponding apo state) RMSDs in Fig. 2A and B indicate that there is some stabilizing effect of these atoms, although there are large periods of time when the RMSD of both apo and liganded simulations is similar suggesting that the apo states are still close to the initial structures. Figure 2 also shows that the stabilizing effect appears to be greater for carbamylcholine (Fig. 2B) where these protein atoms have a reduced RMSD compared to when nicotine is bound ( Fig. 2A) . Thus, simulations where the binding pocket was occupied by a ligand exhibited smaller fluctuations suggesting that the ligand brings about a structural rigidity to the binding pocket in agreement with the RMSF analysis in Fig. 1C .
Ligand flexibility
We examined the flexibility of the ligands within the binding site. The ligands for both the NCT and CCE simulations maintained their position within the binding pocket for the duration of the simulation. Although both ligands held their place and general orientation in the binding pocket, nicotine was much more rigid than carbamylcholine. Analysis of the dihedral angles (data not shown) showed a fairly rigid conformation for nicotine, consistent with only one binding mode that differs only by a slight tilting of the 6' ring. The dihedral data for carbamylcholine show more flexibility of the chain. The molecule maintains its orientation, but there are rotations at both ends of the ligand suggesting multiple conformations may be equally favourable within the pocket. Docking studies (Amiri et al., unpublished) also suggest that nicotine has one mode of binding while carbamylcholine may have more than one mode of binding.
Water in the binding pocket
We wanted to look at the role of water in the interactions of the ligand with the residues in the binding pocket. Other studies have alluded to the role of water in the binding pocket of another class of ligand-gated ion channel; namely the ionotropic glutamate receptors Kurnikova, 2004, 2005; Arinaminpathy et al., 2006; Kaye et al., 2006) , and thus we wanted to further investigate its role in these simulations. Visual inspection of the trajectories revealed that in most subunits, water seems to play a significant role in the ligand's interaction with surrounding residues. Indeed, some of these bridging waters are seen throughout the entire simulation. Figure 3 shows both ligands interacting with surrounding residues via water molecules. In the nicotine-bound (NCT) and carbamylcholine (CCE)-bound simulations, a water molecule bridging the ligand and L102 or M114 on loop E is present for more than 92% of the time averaged for the subunits with ligands and sometimes the same water bridges both of these residues at the same time. Also commonly seen are water molecules bridging the ligand with W143 or T144 or both at the same time. Bridging waters also exist between the cysteines on loop C and the ligands. The cysteines on loop C from a-subunits are thought to be functionally important as they are evolutionarily highly conserved. Recent MD data has shown that loop C comes in and covers the binding pocket in the presence of a ligand (Henchman et al., 2005) and thus the hydrogen bonding with the ligand could play an important role in determining the behaviour of loop C. Other bridging waters commonly exist between the ligand and Q55 and with Y164. Y164 has its side-chains facing upwards towards the ligand in the binding site which enables hydrogen bonding with the ligand. We quantified for what percentage of time these waters occupy different locations in the binding pocket ( Table II) . Those that occupied a position in the binding cleft for greater than 40% of the time we term 'persistent'. Greater numbers of persistent waters were found in the simulations with ligand present (NCT and CCE). For the carbamylcholine simulation with only two ligands bound in two binding pockets, the greatest number of persistent waters was found in the liganded binding pockets throughout the simulation. For the binding pockets that do not possess a ligand, waters were observed, but were substantially more mobile and stayed for a much shorter amount of time than waters in the binding sites with ligands present.
In order to compare the distribution of water molecules in the binding site with bulk, we calculated the average water density throughout the simulations. Figure 4A shows the average water density plot for the simulation of one of the binding pockets of the AChBP with nicotine bound. Compared to bulk water, the average density of water molecules in the binding pocket appears to be discretised into distinct zones indicating that these areas are where water molecules are preferentially found over time. These density plots were compared with the positions of the persistant waters. Taking the visual inspection data, the average water density analysis and the persistency data enable us to describe five separate zones where water prefers to reside (Fig. 4B) . These zones were populated frequently and for substantial stretches of time. Zone 1 lies within loop E between L102 and M114. This location is almost always occupied with at least one water molecule .90% of the time. Waters in this position have also been observed in some crystallography studies (Celie et al., 2004) . Water molecules can be seen 'competing' with each other for this location, and if one water molecule leaves the site, another will usually replace it very quickly, suggesting a strong preference for a water molecule in this area. Zone 2 is the area near the W143/T144 loop (b8 sheet) where there is a bridging water connecting the ligand with either one or both residues in both cases of nicotine and carbamylcholine. Waters are commonly found in this position for subunits with ligands bound. Zone 3 is at the base of loop C near E193 (A) A snapshot at 5 ns of nicotine (at the interface of subunits B and C) is interacting with the backbone atoms of W143 and T144 through the same bridging water while L102, M114 and L112 are also interacting with nicotine through a bridging water molecule again via their backbone NH and CO groups. Averaged across all five subunits, this water is present for 92% of the duration of the simulation and the former is present for 45% of the duration. (B) Carbamylcholine at 6 ns is interacting directly with surrounding residues and through one water molecule (via the carbamyl group of carbamylcholine) which is held in place by the mainchain (CO and NH group) atoms of M114. A further water molecule is held in place via hydrogen bonds with this first water molecule and via a hydrogen bond formed with the backbone carbonyl group of L102. Averaged across the two subunits with carbamylcholine bound, this latter water molecule interacting with L102 is present for 79.5% of the simulation whereas the former is sustained for 92.5% of the time. Table II . Percentage time that any one zone is occupied by at least one water molecule for the simulation with nicotine (NCT) and carbamylcholine (CCE) and Y192. Y192 is heavily involved in hydrogen bonding to the ligand. Waters in this zone may play a role in keeping the integrity of loop C and restrict it from moving out freely in the presence of a ligand. Zone 4 describes the low b5 sheet (loop A) of the binding pocket with residues Y89 and I92 that have been thought to be involved in ligand binding from previous experimental studies (Celie et al., 2005a, b) . In several nanoseconds of the liganded simulations, this location is occupied with one or more water molecules, however this is seldom the case in apo simulations. Zone 5 is near the tip of loop C where there are two adjacent cysteines forming a disulfide bridge. These cysteines have been the focus of many studies and are highly conserved in the a-subtype of nAChRs. It is believed that the cysteines interact with the ligands in the binding pocket of nAChR and can be seen to 'close off' the binding pocket in the presence of a ligand. There are several bridging waters in position between the cysteines and the ligands, and this interaction is often mediated by water molecules.
We examined the consequence on the structure if a water molecule in one of these zones moves out. Figure 5A shows the typical behaviour of waters into and out of a zone (Zone 1). Here we follow three water molecules for the duration of the simulation. Two waters are positioned in Zone 1 between residues L102 and M114 on loop E. A third water comes in and knocks one of the two waters out, and replaces it in the same exact position where it remains for most of the simulation. Upon leaving ( just before the 9 ns mark), the b-sheets of loop E collapse closer into each other and the nature of interactions with the ligand is altered (Fig. 5B) .
Recently, several high resolution X-ray crystal structures of an AChBP in complex with agonists and antagonists have become available Hansen et al., 2005; Ulens et al., 2006) . Although obtained from a different species (Aplysia californica), the binding pocket is well conserved and so a direct comparison is useful. Comparative analysis of these structures demonstrated that loop C clusters into three distinct positions depending on the nature of the compound bound: (i) agonists bound (as exemplified by epibatidine or lobeline); (ii) the apo or alkaloid antagonist-bound structures (as exemplified by methyllycaconitine); or (iii) structures with peptide antagonists bound (ImI complex). We were interested to see how the positions of these compounds related to the positions of waters in the zones described above. We overlayed the structures of these compounds onto the water-density obtained from the NCT simulation (Fig. 6 ) to investigate this.
For the two agonists, epibatidine (a compound produced by the Ecuadorian frog, Epipedobates tricolor) and lobeline (an alkaloid from the Indian tobacco plant, Lobelia inflate), the position in the binding pocket with respect to the water zones is quite similar. The crystal structure of epibatidine bound to AChBP (PDB:2BYQ) shows that the nitrogen in the azobicycloheptane ring is close to Zone 1 (Fig. 6A) . This toxin resembles the structure of nicotine and is bound in the same way inside the binding pocket with its 6' ring facing the high water density regions in Zone 1. Thus, we expect to see the same interactions with water molecules and surrounding residues. The other nitrogen atom lies near water densities in Zone 2, behind loop B. Lobeline is positioned in the pocket such that is quaternary nitrogen is in a similar position to epibatidine and nicotine. There is also potential interaction with water molecules in Zone 1 (Fig. 6B) . This is confirmed by the presence of a water molecule in the crystal structure. Thus, the positions of these zones, particularly Zone 1 appears to most relevant for the agonist-bound conformation of the protein.
For methyllycaconitine, which is an alkaloid antagonist against nAChRs, there is no indication that the zones derived here play a role in stabilizing the complex (Fig. 6C) . In the case of the a-conotoxin ImI (PDB: 2BYP), the position of the toxin suggests that Zones 1 and 3 could play a role in stabilizing the complex (Fig. 6D) . However, it is important to remember, for this structure, that the loop C is pulled out radially with respect to the central axis and with respect to the agonist-bound conformations from which the water zones were derived. A direct comparison of the zones derived here with the antagonist-bound structures should be treated with caution given the differences in the shape of the binding pocket, but we would suggest from this analysis that these zones become less important with respect to antagonist binding.
Conclusions
Our results indicate how the dynamics of the ligand in conjunction with the presence of explicit water molecules are an important consideration for our understanding of AChBP and the related Cys-loop receptors. The ligands are held fairly rigidly in the binding pockets. Furthermore, the presence of the ligands confers some stability on the binding site residues. The effect is aided by the presence of water molecules which form bridging hydrogen bonds with key residues. In the apo simulations, the binding site is flexible (higher RMSD values) with varying distances between neighbouring residues and more flexible loops. Loop C which is less mobile in liganded simulations, makes hydrogen bonds with ligands through water molecules. Loops A and B are held more rigid in the presence of water molecules which are more persistent in the presence of a ligand. These bonding patterns have structural implications for the binding site which are likely to be important in the homologous nAChR proteins. The location of zones in the binding sites where waters persist with nicotine and carbamylcholine bound suggest an extended pharmacophore that could be used in the design of new ligands. Furthermore, such a pharmacophore will be energetically stable within the binding pocket. This pharmacophore can be interpreted in two ways. The first is that the zones could offer a site where the water molecule is replaced by a chemical moiety. The second is where the zone is occupied by a water molecule and the ligand makes interactions with the protein via such a water (as exemplified by Zone 1, which appears to aid in the binding of nicotine, lobeline and epibatidine). Finally, these observations should be readily transferable to nAChRs in general and aid in new compounds targeted against them. water. In this case, there appears to be little evidence for water in these zones to make significant interactions or overlap with moieties of the antagonist. (D) Overlay of the AChBP in complex with a-conotoxin ImI with the density maps for water. Although there is some indication that Zones 1 and 3 may be preserved, it must be remembered that for this complex there is quite a large deformation (particularly with respect to loop C) of the binding pocket.
